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ABSTRACT
Maize is considered less drought-tolerant than sorghum, but sorghum is commonly grown as a short triple dwarf 
(3dwarf) type, so difference in plant height confounds the species comparison. The objectives of this study were to 
experimentally determine effects of species and plant height differences on transpiration efficiency (TE) and tran-
spiration rate per unit green leaf area (TGLA) and use findings to explain input parameters in a simulation study 
on the comparative adaptation of 3dwarf sorghum and maize in environments with contrasting water availability. 
Maize, tall double dwarf (2dwarf) and short 3dwarf sorghum genotypes were grown in two lysimeter experiments in 
2011 in SE Queensland, Australia. Each plant was harvested after anthesis and total transpiration, shoot and root dry 
mass were measured to estimate TE. Daily TGLA was used to compare transpiration rates. Species and height had 
limited effect on TE, but significantly affected TGLA. This was associated with differences in biomass allocation. The 
similar TE but higher TGLA in maize compared with 3dwarf sorghum meant it potentially produces more biomass, 
consistent with published differences in biomass accumulation and radiation use efficiency (RUE). The simulation 
study, which used similar TE for maize and 3dwarf sorghum, but captured differences in TGLA through differences 
in RUE, predicted crossover interactions for grain yield between species and total water use. The greater TGLA of 
maize decreased grain yield in water-limited environments, but increased yields in well-watered situations. Results 
highlight that similarity in TE and differences in TGLA can influence comparative adaptation to water limitation.
K E Y W O R D S :  Biomass allocation; drought adaptation; height; maize; radiation use efficiency; sorghum; 
transpiration efficiency; water use; yield potential.
1 .  I N T R O D U C T I O N
Maize and sorghum are major summer crops in rainfed farming systems 
around the world. With an ever-increasing population, combined with 
diminishing land and fresh water reserves, efficient use of available water 
resources is becoming critically important (Lobell et al. 2014). In the grain 
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water limitation are highly variable, sorghum is the dominant dryland sum-
mer crop (Chapman et al. 2002; Hammer et al. 2014). Sorghum is con-
sidered more drought-tolerant than maize, but maize has a greater yield 
potential and hence higher return to growers (Muchow 1989a; Farré and 
Faci 2006). Better understanding of the underlying physiological determi-
nants of the perceived differences in adaptation to water limitation would 
provide insights for investigating the viability of maize as an alternative 
summer dryland season crop in eastern Australia and in other parts of the 
world where both crops are commonly grown, such as Argentina (Parra 
et al. 2020) and Africa and Asia (Choudhary et al. 2020).
The enhanced tolerance of sorghum to water limitation compared to 
maize has been associated with a shorter crop cycle and lower crop growth 
rate, both of which impact on the total amount of water transpired. This 
is important, as grain yield under end-of-season drought stress is closely 
related to the amount of water available for transpiration to sustain growth 
during grain filling (Turner 2004; Hammer 2006; Borrell et  al. 2014). 
The shorter crop duration of sorghum is predominantly associated with 
a shorter grain filling period (Muchow 1989a); however, post-anthesis 
water availability may still not be maintained when precipitation is low. 
The lower crop growth rate of sorghum is reflected in a lower radiation 
use efficiency (RUE), indicating that it produces less biomass per unit 
of light intercepted (Muchow and Sinclair 1994). The RUE of commer-
cially grown triple dwarf (3dwarf) sorghum is 1.2–1.4 g MJ−1 (Sinclair 
and Muchow 1999; Hammer et  al. 2010), compared to 1.8  g MJ−1 for 
maize (Lindquist et  al. 2005). This difference in RUE could be associ-
ated with their difference in crop height, as CSH13R, a tall single-dwarf 
sorghum hybrid from India, has a RUE of 1.6–1.8 g MJ−1 (Hammer et al. 
2010). The transpiration efficiency (TE, amount of biomass produced 
per unit of water used) is observed to be quite similar for sorghum and 
maize (Tanner and Sinclair 1983; Choudhary et al. 2020), even though 
genotypic differences in TE have been reported for both species (Bunce 
2010; Geetika et al. 2019). Hence, the greater crop growth rate of maize 
has been associated with greater transpiration rates, although it is unclear 
whether any such differences would be a species or height effect. In the-
ory, greater transpiration rates associated with greater biomass growth can 
hasten the onset of water limitation in maize crops.
The implication of any such differences on crop adaptation to water 
limitation stress is attributed to complex genotype (G) × environment 
(E) × management (M) interactions on grain yield, which are best 
explored using crop growth simulation models. The APSIM modelling 
platform (Holzworth et al. 2014) is ideally set up to do this, as it contains 
advanced models for both sorghum (Hammer et  al. 2010) and maize 
(Soufizadeh et al. 2018) crops with comparable modular structure and 
scientific underpinning. Therefore, the aims of this study were to experi-
mentally determine the effects of species and plant height differences on 
TE and transpiration rates, and to use findings to explain input parame-
ter values in a simulation study to quantify the consequences of any such 
differences on G × E × M interactions for grain yield across a range of 
environments with contrasting water availability.
2 .  M AT E R I A L S  A N D   M ET H O D S
2.1 Genotypes
Two experiments were conducted in 2011 in a solarweave enclosure at 
Gatton (27°33′S, 152°20′E) in south-east Queensland, Australia. They 
included eight maize hybrids, seven 2dwarf sorghum genotypes and 
16 3dwarf sorghum genotypes. However, one 3dwarf genotype was 
excluded in both experiments and one 3dwarf genotype was excluded 
in one experiment because of severe symptoms of calcium deficiency. 
The maize genotypes were all elite hybrids that were expected to have 
high TE, despite differences in drought tolerance (Table 1). The sor-
ghum genotypes predominantly contained inbred lines that included 
parents of mapping populations and elite breeding lines and were 
known to span a range in TE (Table 1). Eleven of the 3dwarf genotypes 
were in common with the study reported by Geetika et al. (2019).
2.2 Experiment details
Details of the experimental set-up have been provided by Chenu et  al. 
(2018). Individual plants were grown in lysimeters of around 51 liters. 
This was well above the threshold size below which biomass allocation 
to roots can be affected (Yang et al. 2010). Prior to filling, each lysimeter 
was lined with a plastic bag to facilitate removal of the soil at harvest. 
Lysimeters were filled to a constant weight with air-dried soil and ca. 42 g 
of Osmocote Plus® (Scotts Australia, Baulkham Hills, NSW Australia) 
slow release fertilizer (16 % N, 3.5 % P, 10 % K) was added in six evenly 
distributed layers, along with ca. 40 g of dolomite to minimize symptoms 
of calcium deficiency. After filling, pots were watered up to slightly below 
the drained upper limit (DUL) of the soil, which was determined from a 
reference lysimeter that had holes drilled in the bottom and was filled with 
the same amount of soil but without plastic liner. The reference lysimeter 
was watered and left to drain, and the amount of water to be added to 
the experimental lysimeters was determined from the difference in weight 
before watering and after draining. As soil in each lysimeter compacted 
during watering, soil was added to each lysimeter after the soil had wet-
ted up and water was added pro rata. Five seeds were planted in the mid-
dle of each lysimeter on 10 March 2011 (Exp1) and 16 September 2011 
(Exp2). Emerged seedlings were gradually thinned until one plant per 
lysimeter was left when ca. three leaves had fully expanded, at which stage 
the soil surface was sealed with thick plastic to minimize soil evaporation.
Each lysimeter was positioned on its own load cell, located on trol-
leys that carried eight load cells each (two rows of four lysimeters). 
The set-up contained eight rows of two trolleys, such that there were 
16 rows of eight lysimeters (128 in total). Plant-to-plant spacing was 
around 50 cm within a trolley and ca. 1 m for plants on adjacent trol-
leys. Experiments were laid out as a group-balanced block design 
where genotypes were blocked into three classes (maize, 2dwarf sor-
ghum, 3dwarf sorghum) and four replications. Each replication (32 
lysimeters or four trolleys) included one trolley with eight maize 
genotypes, one trolley with seven 2dwarf sorghum genotypes plus a 
filled lysimeter with no plant, and two adjacent trolleys with 16 3dwarf 
sorghum genotypes. Lysimeter weights were recorded automatically 
every 15 min (Chenu et al. 2018) and once the weight of a lysimeter 
dropped below a preset value of around 1.5 kg below DUL, 500 mL 
of water was automatically added. This ensured that plant available 
water was maintained above a level that would trigger drought stress, 
but slightly below DUL to minimize any risk of water logging. In both 
experiments, pests were controlled chemically and no significant out-
breaks occurred. To minimize symptom of calcium deficiency, a solu-
tion of 0.3 % Ca(NO3)2 was sprayed into the whorl of each axis (main 
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harvested 5 days after anthesis of the main shoot (sorghum) or at first 
silking (maize). Harvest occurred in May–June 2011 (late autumn to 
early winter) in Exp1 and November–December 2011 (early summer) 
in Exp2. As a consequence, average daily maximum and minimum 
temperatures, daily radiation and maximum daily vapour-pressure 
deficit (VPD) were generally higher in Exp2 than Exp1 (Table 2).
2.3 Leaf area measurements
The number of fully expanded leaves (ligule visible above that of the 
previous leaf) was counted twice a week on each axis of every plant 
in both experiments. The length and maximum width of each fully 
expanded leaf were measured non-destructively and individual leaf 
area was estimated from the measured length and width, multiplied 
by a scaling factor of 0.71 (0.635 for flag leaves) for sorghum (van 
Oosterom et  al. 2011). For maize, a factor of 0.68 was used for flag 
leaves, whereas for all other leaves, a bilinear relationship was used 
based on data from previous experiments:
Leaf size = 0.705 * length * width if length * width < 642
Leaf size = −108.5 + 0.874 * length * width if length * width > 642
Daily green leaf area (GLA) per plant was interpolated from indi-
vidual leaf sizes and the number of fully expanded leaves. The area 
of expanding leaves was estimated based on observations that this 
area is equivalent to the fully expanded area of the next 1.6 sequen-
tial leaves following the last fully expanded leaf (Muchow and 
Carberry 1990).
2.4 Transpiration
Daily transpiration (T) per plant was calculated as the decline in lysim-
eter weight from midnight to midnight, adjusted for any water applied 
during that period. The daily increase in plant dry mass was considered 
to be negligible relative to the amount of water used, considering that 
observed TEwp had a range of 6–10 g kg
−1 (Table 3). To account for dif-
ferences in plant size, associated with plant-to-plant variation and with 
increased plant size over time, leaf area-based transpiration rates were 
obtained by dividing daily T for each plant by its GLA for that day (tran-
spiration per unit green leaf area, TGLA, g m−2), assuming that GLA was 
constant throughout each day. Total transpiration of each plant through-
out the experiment was calculated as the sum of the daily water use data, 
adjusted for the fresh shoot mass and dry root mass at harvest, and the 
average change in weight of the lysimeters with no plants.
2.5 Biomass sampling
At harvest (5 days after anthesis for sorghum, first silking for maize), 
plants were cut below the base of the stem and shoot fresh weight was 
Table 2. Environmental conditions of the two experiments included in this study. a29 March to 21 May 2011 in Exp1; 15 October 
to 28 November 2011 in Exp2. End dates represent date when 50 % of plants were harvested. Excludes some days with missing 
records.
Experiment 1 Experiment 2
Sowing date 10 March 2011 16 September 2011
Harvest date 28 April to 10 June 2011 14 November to 22 December 2011
Mean daily maximum temperature (°C)a 28.7 31.8
Mean daily minimum temperature (°C)a 15.1 18.7
Mean daily radiation (MJ m−2)a 10.2 17.9
Mean daily maximum VPD (kPa)a 2.46 3.19
Table 3. ANOVA for TE for whole plant (including roots) and the shoot only, and root-to-total biomass ratio (RWR) for maize, 
2dwarf and 3dwarf sorghum genotypes measured in two lysimetry experiments. nsP > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
TEwhole plant (g kg
−1) TEshoot (g kg
−1) RWR
Exp1 Exp2 Exp1 Exp2 Exp1 Exp2
Maize 9.48 7.24 8.58 6.18 0.095 0.145
2dwarf sorghum 10.13 7.02 9.32 5.93 0.081 0.154
3dwarf sorghum 10.08 7.11 9.04 5.78 0.140 0.191
Species effect, followed by height effect
 Maize vs. sorghum * ns ns *   
 2dwarf vs. 3dwarf ns ns ns ns   
Height effect, followed by species effect
 3dwarf vs. (maize and 2dwarf)     * ***
 2dwarf vs. maize     * ns
Genotype (maize) ns ns ** *** ns *
Genotype (2dwarf) ** *** *** *** ns ***
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determined after removal of any attached soil. Roots were washed 
out from the soil and any organic matter was removed. This was 
done on screens to minimize loss of roots. Shoot and root dry mass 
of each plant were determined after drying in a fan-forced dehydrator 
at 60–70  °C for at least 48  h. Biomass data for the main shoot were 
obtained individually for the blade, sheath and stem of each phytomer. 
For tillers, data for each organ (blade, sheath, stem) were aggregated 
across phytomers.
2.6 Data analysis and interpretation
Transpiration efficiency was calculated as the ratio of biomass (B) and 
total water transpired (T), and was calculated using both shoot dry 
mass (TEshoot) and whole-plant (root and shoot) dry mass (TEwp). The 
ratio between root and total dry mass (RWR, root weight ratio) was 
calculated as a measure of dry mass partitioning.
To look at differences in TGLA across the three classes of geno-
types (maize, 2dwarf sorghum and 3dwarf sorghum), average daily 
TGLA across all plants for each class was calculated by dividing total 
daily water use across all plants for each class by their total leaf area 
for that day (ΣT/ΣGLA). This was done for days from 2 to 30 April 
2011 (Exp1) and 16 October to 24 November 2011 (Exp2). Before 
these start dates, plants were so small that (i) plant leaf area (includ-
ing the area of expanding leaves) could not be estimated accurately 
from observed leaf length and leaf width data, and (ii) daily water 
use could not be estimated accurately from changes in pot weights, 
thus resulting in unreliable estimates of TGLA. Days with prolonged 
periods of missing records for transpiration due to data logging issues 
were excluded. Daily TGLA for each pair of classes was plotted and 
regressions were forced through the origin, such that the slope of 
each regression was taken as the relative TGLA of one class compared 
to another, using data across the two experiments.
In order to link class differences in TGLA to differences in biomass 
partitioning, biomass production per unit leaf area produced (BLA) 
was estimated for two phases of crop development that were separated 
by the approximate onset of stem elongation (see Results). For the first 
phase prior to stem elongation, BLA was estimated as the combined 
dry mass at harvest of the leaf blades and leaf sheaths of the first eight 
phytomers of the main shoot (see Results), divided by the total leaf 
area of these phytomers. To estimate BLA for the second phase, after 
the onset of stem elongation, dry mass and leaf area accumulation were 
taken as total plant dry mass and leaf area (including roots and tillers) 
at harvest, minus the values estimated for the first phase of develop-
ment. This assumed that the dry mass of leaf blades and sheaths of 
these first eight phytomers at the onset of stem elongation was simi-
lar to their weight at harvest, just after flowering, before the onset of 
grain growth.
Analysis of variance was done using the General Linear Model 
(GLM) procedure in SAS 9.4 (SAS 2013). Genotypes were 
divided into three classes (maize, 2dwarf sorghum and 3dwarf sor-
ghum) and significance of differences among these three classes 
(two degrees of freedom) was analysed using two orthogonal con-
trasts with one degree of freedom each. For traits for which the spe-
cies difference was most important (TEshoot, TEwp and BLA prior 
to stem elongation) the contrasts used were maize versus sorghum 
(2dwarf and 3dwarf combined), followed by the contrast of 2dwarf 
versus 3dwarf sorghum. For traits for which height was expected 
to be the major cause for genotypic differences (RWR, BLA after 
stem elongation), the contrasts used were short (3dwarf sorghum) 
versus tall (maize and 2dwarf sorghum combined), followed by the 
contrast of maize versus 2dwarf sorghum. In the analyses, the class 
× rep error term was used for the contrast among classes (main 
blocks), whereas for genotypic differences within classes, the 
remaining error term was used, which consisted of the sum of the 
genotype (class) × rep error terms. Regressions analyses for com-
parison of TGLA across the three classes were done using the REG 
procedure in SAS 9.4 (SAS 2013).
2.7 Simulation studies
To analyse the effects of species and height differences on grain yield 
across a range of environments, simulation runs were performed 
for standard 3dwarf sorghum and maize hybrids using the APSIM-
Sorghum (Hammer et al. 2010) and APSIM-Maize (Soufizadeh et al. 
2018) models, respectively. These models are part of the APSIM crop-
ping systems simulation platform (Holzworth et al. 2014) and version 
7.9 was used in this study. Simulations were conducted for two loca-
tions in the summer grains belt in eastern Australia: Dalby in south-
east Queensland (27.18°S, 151.26°E) and Gunnedah in the Liverpool 
Plains in Northern New South Wales (30.96°S, 150.25°E). For both 
locations, simulations were conducted for the period 1986–2016 
(31  years), using daily weather data from the SILO patched point 
data set (http://www.longpaddock.qld.gov.au/silo/index.html) 
( Jeffrey and Carter 2001) that were infilled where observed data were 
not available. For the Liverpool Plains, simulations were conducted 
using a starting soil water of 150 mm and a soil water holding capac-
ity of 250 mm. All simulations were conducted assuming no nitrogen 
limitations and fully irrigated conditions to allow expression of yield 
potential for this high-yielding environment. For Dalby, a 2  × 2 fac-
torial design was used that included two starting soil water amounts 
(75 and 150 mm) and two water regimes (irrigated, rainfed) to gener-
ate a diverse range of moisture environments and yield levels. A soil 
water holding capacity of 250 mm was used, and, where irrigation was 
simulated, it was applied to refill the soil profile when the fraction of 
available soil water dropped below 50 %. In total, this yielded 155 (5 × 
31) simulation runs for each crop (maize, 3dwarf sorghum).
Simulations for sorghum and maize were set up using standard 
agronomic practices and a standard hybrid for each species. Sorghum 
simulations were conducted using a plant density of 5 plants per m2, a 
row spacing of 1 m, and were parameterized for the 3dwarf hybrid MR 
Buster (Hammer et al. 2010) assuming one productive tiller per plant. 
Maize simulations were conducted using a plant density of 8 plants per 
m2, a row spacing of 0.75 m, and were parameterized for hybrid Pioneer 
3394 (Hammer et  al. 2009). Based on experiment results, a common 
TE was used for both species (Table 3), which was set at 9 g kg−1 at a 
VPD of 1 kPa (Tanner and Sinclair 1983). To reflect observed differ-
ences in TGLA (Fig. 1), RUE was set at 1.25 g MJ−1 for 3dwarf sorghum 
and 1.85  g MJ−1 for maize, consistent with previously reported values 
(Hammer et al. 2010; Soufizadeh et al. 2018). All simulated crops were 
sown on 1 October each year, and soil water was reset at sowing each year 
for all simulations so that simulated results reflected only the effects of 
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grain mass at maturity as well as total crop evapotranspiration (transpira-
tion plus soil evaporation (mm)) were reported for each year.
3 .  R E S U LT S
3.1 Transpiration efficiency
Maize had significantly (P < 0.05) greater TEshoot than sorghum as observed 
in Exp2, but not in Exp1, where there was a trend (P  <  0.10) towards 
greater TEshoot for sorghum (Table 3). In contrast, TEwp of sorghum was 
significantly (P < 0.05) greater than that of maize in Exp1, but species dif-
ferences were not significant in Exp2. Differences in phenology (Table 1) 
generally had no effect on TE (data not shown). Plant height per se also 
had no effect on either TEshoot or TEwp, as 2dwarf and 3dwarf sorghum 
genotypes did not differ significantly for both traits in both experiments 
(Table 3). However, plant height did affect the root-total biomass ratio 
(RWR), which was significantly greater for 3dwarf sorghum genotypes 
than for the taller maize and 2dwarf sorghum genotypes in both experi-
ments (Table 3). Within species and using individual plant data, RWR was 
significantly (P < 0.001) negatively associated with TEshoot, but the associa-
tion with TEwp was not significant (P > 0.05) in either experiment (Table 
4). Within classes, maize genotypes did not differ significantly for TEwp, 
but both 2dwarf and 3dwarf sorghum genotypes showed significant dif-
ferences in TEwp in both experiments (Table 3). Across all sorghum geno-
types, the range in TEwp was 9.2–11.2 g kg
−1 in Exp1 and 5.9–8.3 g kg−1 in 
Exp2, indicating a range of 2.0–2.4 g kg−1 within each experiment. Even 
though differences in RWR were highly significant (P < 0.001) across the 
3dwarf sorghum genotypes in both experiments and across 2dwarf geno-
types in Exp2 (Table 3), inclusion of roots had little effect on the ranking 
of genotypes for TE. For Exp1, the Spearman rank correlation between 
TEshoot and TEwp for individual plants was r = 0.99 (n = 28, P < 0.0001) 
for 2dwarf sorghum plants and r = 0.91 (n = 55, P < 0.0001) for 3dwarf 
sorghum plants. For Exp2, rank correlations were slightly lower but still 
highly significant (r = 0.90, n = 28, P < 0.0001 for 2dwarf plants; r = 0.90, 
n = 60, P < 0.0001 for 3dwarf plants).
3.2 Transpiration rates and biomass partitioning
Significant differences in average daily TGLA were observed across 
the three classes of germplasm. Average daily TGLA (±5 % confidence 
interval) for 3dwarf sorghum was only 75 % of that of maize across all 
TGLA levels (slope of 0.75 ± 0.032, Fig. 1A). The observation that the 
ratio was common across the two experiments and across days within 
experiments indicated that this ratio was independent of time of year 
and development stage of the crop, respectively. For the comparison of 
2dwarf sorghum with maize and 3dwarf sorghum, however, there was a 
distinct effect of development stage on the ratio of the TGLA (Fig. 1B 
and C). This was particularly the case in Exp2, but the trend was simi-
lar in Exp1. During early development stages (prior to 17 April 2011 in 
Exp1 and 2 November 2011 in Exp2), TGLA of 2dwarf sorghum was 
similar to that of 3dwarf sorghum (slope of 0.99 ± 0.043, Fig. 1C) and sig-
nificantly lower than that of maize (slope of 0.77 ± 0.038, Fig. 1B). After 
Figure 1. Daily transpiration per unit green leaf area (TGLA) 
for (A) 3dwarf sorghum versus maize, (B) 2dwarf sorghum 
versus maize and (C) 2dwarf versus 3dwarf sorghum for Exp1 
(○●) and Exp2 (Δ▲), for the period before (○Δ) and after (● ▲) 
the onset of stem elongation. Last day of early phase is 17 April 
2011 (38 DAS) in Exp1 and 2 November 2011 (47 DAS) in 
Exp2.
Table 4. Association of RWR with TEwhole plant and TEshoot for 
both maize and sorghum in each of the two experiments. Data 
across individual plants. a nsP > 0.05; ***P < 0.001.
TEwhole plant TEshoot
Experiment n R2 Pa R2 Pa
Maize
 Exp1 32 0.06 ns 0.32 ***
 Exp2 31 0.00 ns 0.49 ***
Sorghum
 Exp1 83 0.02 ns 0.19 ***
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these dates, however, TGLA of 2dwarf sorghum increased to the level 
of the maize, as the slope of the relationship did not differ significantly 
from unity (0.99 ± 0.044, Fig. 1B), but it was significantly greater than 
3dwarf sorghum, as the slope of the relationship (Fig. 1C) was signifi-
cantly greater than unity (1.34 ± 0.041). This was further supported by a 
covariance analysis, which showed that for both pairs of classes, the two 
individual regressions gave a significantly better fit than a single regres-
sion, as the F-ratio between the Error Mean Square (EMS) of a single 
regression and that of the two individual regressions was significant for 
the comparison of 2dwarf sorghum with both maize (F(60/59) = 1.97, 
P < 0.01) and 3dwarf sorghum (F62/61) = 3.27, P < 0.001). In contrast, 
for the relationship between maize and 3dwarf sorghum, two individual 
regressions did not significantly improve the fit.
In order to determine if the timing of this transition in TGLA of 
2dwarf sorghum represented a shift in the biomass allocation of 2dwarf 
sorghum relative to maize and 3dwarf sorghum, we estimated biomass 
produced per unit leaf area (BLA) before and after this moment. The 
timing of the transition around 17 April in Exp1 and 2 November in 
Exp2 (Fig. 1) coincided with an increase in the leaf appearance rate of 
maize, which occurred around 38 days after sowing (DAS) or 17 April 
2011 in Exp1 and 44 DAS or 30 October 2011 in Exp2 (Fig. 2). This 
increase in the rate of leaf collar emergence of maize has been linked 
to the early stages of stem elongation (Birch et al. 2002). At the tim-
ing of this change in the leaf appearance rate, maize had on average 8.1 
(Exp1) and 7.4 (Exp2) fully expanded leaves and sorghum 9.4 (Exp1) 
and 8.9 (Exp2) (Fig. 2). Because stem elongation of a phytomer in sor-
ghum occurs once its leaf blade is fully expanded (Lafarge et al. 1998) 
and because biomass accumulation to stems in sorghum starts from ca. 
phytomer 7 onwards (Kulathunga 2013), we defined biomass accumu-
lation prior to stem elongation as the combined dry mass of leaf blades 
and leaf sheaths of main shoot phytomers 1–8, and leaf area produc-
tion as the combined area of leaf blades of these same phytomers. Dry 
mass and leaf area accumulation after the onset of stem elongation were 
taken as total plant dry mass and leaf area (including roots and tillers) at 
harvest, minus the values estimated for the pre-stem elongation period.
An ANOVA for BLA (Table 5) showed that in both experiments 
BLA of maize prior to the onset of stem elongation was significantly 
(P  <  0.001) greater than that of sorghum, whereas the difference 
between 2dwarf and 3dwarf sorghum was not significant in Exp1. 
Averaged across the two experiments, BLA was 85.5 g m−2 for maize, 
but only 63.4 g m−2 and 61.1 g m−2 for 2dwarf and 3dwarf sorghum, 
respectively. Values for sorghum were 0.74 (2dwarf) and 0.71 
(3dwarf) of those for maize and were thus close to the slopes of the 
relevant regressions for TGLA in Fig. 1. After the onset of stem elonga-
tion, the BLA of 3dwarf sorghum in both experiments was significantly 
(P < 0.001) lower than that of maize and 2dwarf sorghum, which in 
turn did not differ significantly (Table 5). The ratio of BLA for 3dwarf 
sorghum and maize was 0.86 in Exp1 and 0.75 in Exp2, whereas the 
ratio between BLA values for 2dwarf and 3dwarf sorghum was 1.20 in 
Exp1 and 1.34 in Exp2. Particularly for Exp2, these ratios were close to 
the corresponding ratios for TGLA in Fig. 1.
3.3 Simulation studies
A comparison of simulated biomass accumulation of the maize and 
3dwarf sorghum hybrids showed that below total crop water use of ca. 
300 mm, shoot dry mass was closely associated with water use (Fig. 3), 
indicating that water availability was the major constraint to biomass 
accumulation. The similarity in the trend between maize and 3dwarf 
sorghum under these conditions of limited water availability is gov-
erned by their similar TE. In contrast, above 300 mm of total crop water 
use, biomass accumulation of sorghum reached a plateau, whereas for 
maize, the relationship between biomass and water use remained posi-
tive albeit weaker than at lower levels of water use (Fig. 3).
The greater biomass of maize than 3dwarf sorghum under well-
watered conditions resulted in greater potential grain yield of maize 
(ca. 11.5 t ha−1) than 3dwarf sorghum (ca. 8 t ha−1), as the two crops 
had similar maximum efficiency in partitioning biomass to grains (or 
harvest index). Consistent with the results for biomass, grain yields 
declined for both crops once total crop water use dropped below 
300  mm. However, there was a crossover interaction for grain yield, 
with grain yield of 3dwarf sorghum generally exceeding that of maize 
once water use fell below 250 mm (Fig. 3), because sorghum was bet-
ter able to maintain its harvest index at low total crop water use. Maize 
Figure 2. The number of fully expanded leaves (FEL) 
versus DAS for (A) Exp1 and (B) Exp2 averaged across 
all maize (●) and sorghum (○) genotypes. Regressions 
were truncated at the leaf numbers where the first plant 
for that species reached flag leaf. Regression equations 
are Exp1: Maize: FEL = 0.735 + 0.195 * DAS if DAS ≤ 
37.9; FEL = −7.008 + 0.399 * DAS if DAS ≥ 37.9; R2 = 1.00 
Sorghum: FEL = 0.078 + 0.247 * DAS; R2 = 1.00 Exp2: 
Maize: FEL = −1.063 + 0.192 * DAS if DAS ≤ 44.0; 
FEL = −13.466 + 0.474 * DAS if DAS ≥ 44.0; R2 = 1.00 
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generally failed to produce any grain yield if water use was less than ca. 
200 mm.
4 .  D I S C U S S I O N
4.1 Little effect of species and plant height on TEwp
Across the two experiments, there were no consistent species effects 
on TEwp (Table 3). Differences were significant in Exp1, where sor-
ghum had significantly (P  <  0.05) greater TEwp than maize, but not 
in Exp2, where maize tended to have greater TEwp than sorghum 
(Table 3). These finding are consistent with the assertion of Tanner 
and Sinclair (1983) that TE of both species is similar. Nonetheless, 
significant genotypic differences in TEwp were observed (Table 3) for 
sorghum, consistent with previous reports (Hammer et al. 1997; Xin 
et al. 2009; Geetika et al. 2019). The absence of genotypic differences 
among the maize hybrids was likely associated with the high level of 
selection to which these hybrids had been subjected, as opposed to the 
sorghum germplasm, which deliberately represented a range in TEwp. 
The relatively higher TE of maize compared to sorghum under the 
higher VPD conditions of Exp2 (Table 2) was consistent with results 
of Choudhary et al. (2020), who concluded that maize restricts tran-
spiration rate more than sorghum if grown under well-watered condi-
tions at high VPD.
Any differences in TEwp were not a consequence of differences in 
plant height per se, because 2dwarf sorghum genotypes on average had 
the same TEwp as 3dwarf genotypes (Table 3), despite the generally 
taller stature (Table 1). The observation that the difference between 
2dwarf and 3dwarf sorghum for TEwp was in both experiments smaller 
than the difference for TEshoot was a consequence of the significantly 
greater RWR of the shorter 3dwarf sorghum genotypes. This effect of 
plant height on RWR was consistent with observations by Miralles et al. 
(1997) and McCaig and Morgan (1993) for isogenic wheat (Triticum 
aestivum) lines that differed in the number of Rht dwarfing genes. It 
may indicate that in 3dwarf sorghum, roots became a sink for assimi-
lates that were produced beyond the reduced shoot demand caused by 
a smaller sink size (Miralles et al. 1997). This supply-demand driven 
increase in the RWR would be similar to the situation under drought 
stress, when increased partitioning to the root can be an emergent con-
sequence of small above-ground sink size as a result of poor seed set 
(van Oosterom et al. 2011). Under such circumstances, genotypic dif-
ferences in TEshoot could be driven by differences in seed set. Because 
inclusion of roots had limited effect on genotype ranking for TE across 
3dwarf sorghum, results support the conclusion of Chenu et al. (2018) 
that costs involved in extracting roots from soil are unlikely to be justi-
fiable within the context of large-scale phenotyping of TE under well-
watered conditions in breeding programmes, particularly if selection 
is predominantly among genotypes with similar height. However, the 
presence of significant genotypic differences in RWR within classes 
(Table 3) indicates that inclusion of roots can be important in more 
detailed crop physiology-focussed studies. The absence of consistent 
species differences in TE in our data set (Table 3) justifies the use of a 
common TE coefficient in the simulation studies.
4.2 Effects of species and plant height on  
transpiration rates were associated with biomass 
growth and partitioning
Crop species and plant height both significantly affected TGLA (Fig. 1). 
The species effect was expressed prior to stem elongation, the height 
effect once stem elongation had started, and both reflected differences 
in BLA (Table 5). The whole-plant TGLA observed in the current 
lysimeters is highly associated with stomatal conductance (Geetika 
et  al. 2019) and consistent with the greater TGLA of maize com-
pared to 3dwarf sorghum. Kakani et al. (2011) and Wang et al. (2017) 
reported greater stomatal conductance for maize than sorghum during 
vegetative development. This is reflected in the greater ratio between 
CO2 inside the stomatal cavity and ambient CO2 (ci/ca) of maize 
(0.4, Leakey et  al. 2006; Wong et  al. 1979) compared to sorghum 
(0.30–0.36, Henderson et al. 1998), as greater stomatal conductance 
increases CO2 diffusion into leaves. The greater TGLA of the maize 
Table 5. ANOVA of biomass production per unit leaf area (BLA) prior to stem elongation and for the period from stem 
elongation onwards for maize, 2dwarf sorghum and 3dwarf sorghum genotypes. For calculation of BLA before and after onset of 
stem elongation, see text. nsP > 0.05; *P < 0.05; **P < 0.01; ***P < 0.001.
BLA (g m−2) before onset stem elongation BLA (g m−2) after onset stem elongation
Exp1 Exp2 Exp1 Exp2
Maize 86.2 85.0 278 344
2dwarf sorghum 62.4 64.3 288 345
3dwarf sorghum 63.5 58.6 240 258
Species effect, followed by height effect    
 Maize vs. sorghum *** ***   
 2dwarf vs. 3dwarf ns **   
Height effect, followed by species effect    
 3dwarf vs. (maize and 2dwarf)   *** ***
 2dwarf vs. maize   ns ns
Genotype (maize) *** *** *** ns
Genotype (2dwarf) *** * *** ***
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and 2dwarf sorghum after the onset of stem elongation compared to 
3dwarf sorghum (Fig. 1) is likely to be predominantly associated with 
stomatal conductance. This would be consistent with the observation 
by Jobson et al. (2019) that short Rht-B1b wheat has significantly lower 
stomatal conductance than taller near-isogenic Rht-B1a wheat. In the 
wheat study, the short genotype also has significantly lower photosyn-
thetic rates. The photosynthesis–stomatal conductance link could be 
an area of research to further dissect the comparative adaptation of 
maize and sorghum, as differences in organ size could potentially result 
in sink stimulation of TGLA and photosynthetic capacity. The obser-
vation that both before and after the onset of stem elongation these 
differences in TGLA were proportional to differences in BLA would 
support the hypothesis that species and height differences in TGLA 
(Fig. 1) were potentially an emergent consequence of differences in 
relative organ size.
The ratio in TGLA between 3dwarf sorghum and maize (Fig. 1A) 
reflected published differences in RUE, which is around 1.2–1.4 g MJ−1 
for commercially grown 3dwarf sorghum (Sinclair and Muchow 1999; 
Hammer et al. 2010) and up to 1.8–2.0 g MJ−1 for maize (Lindquist 
et al. 2005). Similar to TGLA, these differences are likely to be at least 
partly associated with the difference in height, as Miralles and Slafer 
(1997) observed increased RUE of tall wheat genotypes compared to 
their short near-isogenic dwarf counterparts. However, George-Jaeggli 
et  al. (2013) observed for sorghum that even though 2dwarf geno-
types on average had significantly greater RUE than their near-isogenic 
3dwarf counter parts, the effect of the dw3 dwarfing gene on RUE 
was context-dependent. Consistent with this, Hammer et  al. (2010) 
reported two tall single-dwarf sorghum genotypes with RUE close to 
either 3dwarf sorghum or maize. The cause for the low RUE of 3dwarf 
sorghum is still unclear, but possible mechanisms could include a feed-
back mechanism on biomass growth (photosynthesis), and hence con-
ductance and TGLA, in response to accumulation of assimilates due to 
the reduced sink strength of the smaller stem. In the absence of consist-
ent class differences in TEwp (Table 3), the observed height effect on 
TGLA (Fig. 1) is likely to represent an associated effect on RUE.
4.3 Species differences affected adaptation to water 
limitation
The association of yield with total crop water use is ubiquitous. 
Cooper et al. (2020) reported this for a more comprehensive range 
of environments and management practices simulated for maize 
in the USA and our simulated results are in line with the expected 
trends. Furthermore, we have revealed the interplay between RUE 
and TE could lead to a crossover in species × total crop water use 
interactions in grain yield (Fig. 3). For the environments and man-
agement practices simulated, 3dwarf sorghum yield (8 t ha−1) was 
around 70  % of that of maize (11.5 t ha−1) in the high-yielding 
range. As radiation became the main factor limiting crop growth in 
these water non-limiting situations, the species difference in bio-
mass accumulation reflected the greater RUE of maize. The lower 
yield of maize under water limitation, when total crop water use is 
below 200–250 mm, was due to water stress effects on harvest index 
(Fig. 3). This reflects the observation that the threshold growth rate 
around flowering required for seed set is generally much higher for 
maize (1 g per plant per day, Vega et al. 2001; Cooper et al. 2014) 
Figure 3. Simulated shoot dry mass (A), harvest index (B) and 
grain yield (C) of standard maize (●) and sorghum (○) hybrids 
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than for 3dwarf sorghum (0.2  g m−2 °Cday−1 (van Oosterom and 
Hammer 2008), or 0.4 g per plant per day at 10 plants per m2 and 
average temperature of 25 °C). The negative effect of higher growth 
rate thresholds on seed set of maize in environments where biomass 
production is limited by water availability, will be exacerbated by its 
higher RUE and TGLA, which will increase water use during veg-
etative growth stages, causing an earlier onset of water stress if water 
is limiting. If this reduces growth rates around anthesis, this can 
have detrimental effects on seedset and grain yield, as illustrated 
by the high proportion of maize crops with no grain yield at low 
total water use (Fig. 3). The crossover interaction for grain yield 
observed in Fig. 3 is consistent with results from field experiments 
reported by Muchow (1989b). Although high TGLA and RUE of 
maize can increase potential grain yield compared to 3dwarf sor-
ghum, there is a trade-off under water-limited conditions.
This crossover species × water availability interaction for grain 
yield in Fig. 3 is similar to the G × E interaction observed in simula-
tions of genotypes within species that differ in TGLA. For both 3dwarf 
sorghum (Sinclair et al. 2005) and maize (Messina et al. 2015), simula-
tion studies have shown that genotypes with low transpiration rates 
have a yield advantage under low-yielding, water-limited conditions, 
as the reduced rate of water use delays the onset of drought stress and 
increases water availability during grain filling. Under well-watered 
conditions, however, the reduced stomatal conductance, associated 
with low TGLA, will reduce assimilation and hence biomass accumu-
lation. Indeed, under conditions where biomass production was radia-
tion-limited, Sinclair et al. (2005) reported a gradual decrease in RUE 
for sorghum as an emergent consequence of stomatal closure. These 
results, together with the findings in this study, highlight the fact that 
effects of water availability on seed set weighs significantly on grain 
yield and multiple strategies exists in the underpinning physiology that 
could be explored for yield improvement.
However, the full G × E × M interactions need to be considered 
comprehensively for crop adaptation strategies. The greater TGLA 
of maize compared to 3dwarf sorghum, which is likely associated 
with its greater RUE, can increase grain yield in well-watered envi-
ronments where biomass production is radiation-limited (Muchow 
1989a; Hammer et al. 2010). However, this greater yield potential 
in well-watered situations comes at a cost of increased water use, 
and hence reduced soil water content at harvest. This can poten-
tially have adverse consequences in a rainfed cropping systems 
where carry-over of water from one cropping season to the next is 
important for productivity of the subsequent crop (Probert et  al. 
1995).
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